
P AD—A075 216 AEROSPACE CORP EL SEGUNDO CA ELECTRONICS RESEARCH LAB F/s 20/12
JOSEPHSON JUNCTION CHARACTERIZATION FROM TMPEDANCE MEASUREMENT5— ’EtC(tJ)
SEP 79 H KANTE F0h,7O1—7e~c.oo,9

UNCLASSIFIED TR~ O079Cle727)~~1 SAMSO—TR~ 79—Sle Nt

I i ~ar~uucu 
_ _

D mF p L ~~EO

11:79

H a 
_



-
.

REPORT SAMSO-TR.79.54 
-,

Josep hson Junction Characterization
from Impedance Measurements

Prepared by H. KANTER
~~~~~~~~~ 

Electronic Reseach Laboratory —~

The Aerospace Corporation

14 Sep tember 1979

APPROVED FOR PUBLIC RELEASE;
DISTRIBUTION UNLIMITED

>.
.

0~

Prepared for

LU OFFICE OF NAVAL RESEARCH
Washington, D.C. 22217

, LL~

C—3 
SPACE AND MISSILE SYSTEMS O R G A N I Z L ~TION

AIR FORCE SYSTEMS COMMAND
Los Angeles Air Force Station

P .O. Box 92960 , W or ldway Postal Center
Los Angeles, Calif. 90009

:~i~~~~~~~r~~
-
~ i: ~~~~~~~~~~i~~ - -~~



This interim report was submitted by The Aerospace Corporation,

El Segundo, CA 90245 , under Contract No. F0470 1-78-C-0079 with the

Space and Missile Systems Organization, Deputy for Technology, P. 0.
Box 92960 , Worldway Postal Center, Los Angeles, CA 90009 . It was

reviewed and approved for The Aerospace Corpo ration by A. H. Silver ,

Director , Electronics Research Laboratory. Lieutenant J. C. Garcia,
SAMSO/DYXT, was the project officer for Technology.

This report has been reviewed by the Information Office (01) and is

releasable to the National Technical Information Service (NTIS). At NTIS,
it will be available to the general public , including foreign nations.

This technical report has been reviewed and is approved for publica-
tion. Publication of this report does not constitute Air Force approval of
the report’s findings or conclusions. It is published only for the exchange
and stimulation of ideas.

ames C. G~arcia, Lt, USAF George A. Kuck, Maj, USAF, Chief
Project Officer Technology Plans Division

FOR THE COMMANDER

Burton H. Holaday, Col, USA
Director of Technology Plan s and

Analysis
Deputy for Technology

- -- ~; ~~~~



UNC LASSIF IE D
SECuRITY C FICAT ION OF THIS PAGE (Wh.n 0.1. &,l.r4d)

PORT DOCUMENTATION PAGE BEFOR E COMPLETING FORM
1 . GOVT ACC ESS~ON NO. 3. RECIPIEHVS C A T A L O G  NUMSERci~ 

~~~~~4SO R-79-54 I 
_ _ _ _ _ _ _ _ _ _ _

ITL E (wd SubISSI•) ar nursJiT SIMS cov ERED

~~~ ~~~~~~ PHS0N ~~~NCTION ARACTERIZATION I J
Interim ~~~~~~~~~~~~

L.. ~~ROM IMPE~~~ NCE M1~~~~ JREMENTS . j  runr ....~~~~~ ~~~~~~~. 

/ 1TR-~~~79(4727)-~J— ‘. £flTIIQR(I) 4.~
_ui.i ~~i ~~~~~ VP~ UI~~~~II~~ ER(s)

~ o Helmu~L~~~~~7 ~~~~~ 
“ F~ 47~1-78-Ci

j  V

9. PERFORMING ORGANIZATION NAME AND ADDR ESS 10. PROGRAM ELEMENT. PROJECT . T A SK
A R E A  & WORK UNIT NUMSE RS

The Aerospace Corporation
El Segundo, Calif . 9024 5 j i ~ I

II. CONTROLLING OFFICE NAME AND ADDRESS “ ~~~~~~~~

Office of Naval Research (ii  ~ 14 Sep &_.F1J7~J 
,~Washington, D.C.  22217 \.~~~~ .... MP R.~~$.~~ASSI

_________________________________________________ 24
14. MOP4ITORIP4G AGENCY NAME A ADORESS(I1 dill.,.,, : from Controlll n4 Ollic.) IS. SECURITY CLASS. (of this ‘sport)

Space and Missile Systems Organization Unclassified
Air Force Systems Command 

~• DECLA SSIFICAT ION/O OWNGRAD ING
Los Angeles, Calif. 90009 SCHEDuL E

16. OISTRIBUTION STATEMENT (ol thu. R.pOft) - _________________________________

Approved for public release; distribution unlimited ~~~~~
Ii. DISTR IBUTI ON STAT E MENT (of th. .b.t ,act .nt .r.d In Block 20, II dIfl.rsnt Ira., R.port)

IS. SUPPLEMENTARY NOTES 
—

This report was formerly ATM-78(3727) - 1.

19. K EY WORDS (Contlnu. on r.v•r.. .Id. II n.c... ~~y ~d Id.nllfy by block .f ta.b ~ r)

A S SY RACT (Continu. ,.vsr. • .id • II n.c...avy *ed Id.nUIy by block ,,omb.,)

Voltage biased junctions in SQUID type configurations show a characterist ic
response in their MW impedance , which as indicated by a small signal analysis
appears primarily determined by the junction termination at the low frequency
idler. The evaluation of the response affords the measurement  of some circuit
and junction parameters which cannot otherwise be obtained from I-V measure.
ments and thus could be of considerable help in characterizing Joseph son
junctions in microwave circuits .

PORN 1473 UNCLASSIFIED
SECURITY CLASSIFICATION OF t~~I$ PAG! (~~~in 5sf. B.,t.r.d)

~7y~~~ ~~~~~
— ~~~~~~~~~~~~~~ — ~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~ ..t_ 4.—

~~~~~
-. -



CONTENTS

I. INTRODUCTION  5

II. ANALYSIS 9

III . EXPERIMENTAL 17

APPENDIX 25

Lfl1~ / 7

— 1 —

—-.. - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~. ~~~~~~~~~ .



-

~~~~

FIGURES

1. Change in refle ction when jun ction bias is swept through
probing frequency signal a t w 5 

6

2 . Basic current driven ju nction circuit  10

3. Frequency components considered in analysis 12

4. Smith-chart plot for  idealized junction response as
treated in f i r s t -o rder  analysis 14

5. Measured juncti on response in Smith-chart presentation 18

6. Modification of idealized response (Fig. 4) due to second
idler termination where X/4  short termination is approxi-
mated with lumped resonance circuit with resonance at

19
S

• 7a. Junction embedding network where junction varies
a s Z  

21
y

• 7b. Junction embedding network where jun ction is represented

by I~~
and Rj  

22

8. Modification of idealized response (Fig. 4) by capacitiv e
loading 

23

-3-

__ 
~~~~~ I

_ _ _ _ _ _ _ _ _ _  ~~~~ :~~~~i~~



I. INTRODUCTION

If one measures the amplitude of the wave reflected from a junction

placed in double hole SQUID fashion across a waveguide, with provisions to

voltage bias the junction (Resistive SQUID), then the in phase and out of phase

components vary with bias as shown in Fig. 1. The RSJ model qualitatively

predicts an impedance variation of this type. However, in previous analyses*~l

the out of phase component (or reactive portion) appeared only when the junc-

tion oscillations were locked to the probing signal . Reported impedance mea-

surements2 as well as our own observations on point contacts did not show

any evidence of locking. As a matte r of fact, in our experiments the self oscil-
lations could occasionally be observed as hash on the center portion of the
structure in Fig. 1. Thus locking definitely did not occur and another inte r-

pretation of the observed impedance va riation with bias is required. A sim-

pie explanation may be provided by the RSJ model if terminations at i ’  .er
frequencies, particularly that at the difference frequency between a~~ iied

• signal and sell-oscillations, are taken into account. This interpretation has
been explored by a small signal analysis , which is described in this com-
munication. It reveals that , by measurement of the impedance of a biased
jun ction, a number of junction and circuit parameters could be determined ,

which otherwise would not be accessible, It appears that these measurements,

together with an I-V cha racteristic, would serve to completely characterize
a junction and its immediate embedding network. The reason for this is the

fact that with the junction self-oscillations we are able to provide a frequency
sweep from essentially zero frequency to frequencies very large compared

Kaminaga, “rf Impedance of Superconducting Weak Links , J. Phys. Soc .
Japan , to be published.

1F. Auraches and T. Van Duzer, “rf Impedance of Superconducting Weak
• Links, ” SAP 44, 848 (1973).

2
D. E. Claridge, “rf Current Dependence of 8. 9 GHz Impedance of Tantalum
Point-Contact Josephson Junctions”, JAP 48, i762 (1977).

- - — ; - . ~~~C~DIM~ Pj~~ MLA&1J
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VOLTAGE BIAS OR JUNCTION FREQUENCY

Fig. 1. Change is reflection when junction bias
is swept through probing frequency sig-
nal at U)
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with the operating frequency;  and , of course , f requency  is an essential

- 
paramete r in circuit evaluation. No othe r test system exists with the fre-

quency versatility provided by a Josephson junction. Thus , it appears that

the impedance evaluation could lead to quantitative determination of series

inductance , junction capacitance , junction ohmic resistance at operating

frequency,  low frequency (DC ) loop termination, and fundamental pump ampli-

tude. An I-V characteristic would fur thermore  provide critical current  and

junction impedance at DC; and final ly, the f requency profile of the self -
oscillations at operating frequency would permit determination of the noise
power in the circuit. This provides a rather complete junction descrip tion,
lacking essentially only the spectrum of hi gher harmonics in the circuit .

However , since the effects of subharmonic frequencies  of the bias oscillations
are observable in experiment, a more extended analysis mi ght help to give
some information on other harmonics in the circuits as well .

However , there exist various difficulties with the analysis presented
here , and I have not been able to come to a satisfactory solution of these
difficulties. They are pointed out in the respective sections of this note. As
usual , refuge is sought in computer simulations, which should be better
suited to treat  the strong nonlinearities in the device. These studies
are presently in progress  on a computer with the aim to find out the validity
of the results developed in the analysis.  In case the numerical results bear
out the analysis we should have some good junction-circuit  diagno stics at
hand; otherwise, the exercise might serve to at least give some indication of

the qualitative functioning of the circuit.

-7.
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II. ANA LYSIS

We briefly derive the small signal approximation of the impedance for

the RSJ model as it has previously been done by Vistavkin, et al. and then

include the effect of the terminations. We start with the circuit equation

~~— + I sin~~~= I + I s i n w5t (1)
J

with the variables explained in Fig. 2. We assume I << 1
~~

. 
~~ 

causes self-
oscillations at with phas e p0(t).  The phase is modified by the small signal

<< ~~ (t). The linear 1st order approximation in reduced units is

• + cos ç~~(t) 
~~ 

i (2 )

• where i I/I and time is measured in units of e / 1  R . Standard inte-c 
d C 0 0 3

gration and the fact that cos = -~ “I~ ’ = - In ç~ leads to the small signal
voltage (in units IcRj )

v = i +
~~h ’J

’
t dr  (3)

The second term always gives a real (resistive) contribution which can become
negative. Note that it describes a double mixing process with the self-oscil-
lations by two 90° phase shifting processes: (a) integration and (b) multiplica-
tion with a 900 phase shifted voltage contribution (when only the fundamental

3A . N. Vistavkin, V. N. Gubankov, L. S. Kuzmin , K. K. Likharev,
V. V. Migulin and B. K. Semenov , “S-c-S Junctions as Non-Linear Elements
of Microwave Receiving Devices ”, Rev. Physi que and Appliquee , 9, 79
(1974).
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Fig. 2. Basic current driver
func tion circuit
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f r equency  term s are  cons idered) .  The fact that v , and thus the impedance

v/ i . is determined by the large voltage variation due to self oscillation and
its derivative sugges t s  that  the abov e equation is of more general validity
than applicable only for  sin o dependences. In fact it can be shown that it
holds for  any periodic I vs .  ~ dependence if an accommodation betwe en super
and normal c u r r e n t  is enforced  by the external circuit  (See Appendix).

Using Eq. (3) ,  one obtains an impedance matrix (in units of R 3) for the
3 main idler components (Fig . 3)

- 
a -~~ a(a - v) (a - v) 

~5 
- 2w

1 
- 2w 1

v = - -4=. +~~~~ - -~~~- i (4)-1 Zv v -i

a - v a(a - v)  a - v  -
V , 1 +  1

— 
_ 2

.• — 
~~~~~ W _ l  2w _ 1 

- - 
-~~

where  it is assumed that small cur ren t s  are injected at all three frequencies
of interest  and only term s have been retained which become large for w 1 =

- -. 0, or 1st order  terms if no singular term occurs .  The matrix holds
for the analytically tractable RSJ model with I = I sin c~, where the terms

— • — I—z----_ s c
(a - v) , with a = I / I  and v va -1, represent  the Fourie r component at w ,
the pump frequency. In what follows, we replace (a - ~ ) with a more general
amplitude coefficient 

~
, = 

a V

Using standard methods after inclusion of terminations (where the
vo l t age -cu r r en t  relation is enforced b y the external c i rcui t )  one obtains

- 

V 
- 

~1 - .~~1 - _.i__ 
- - 

i 
-

5 U)
1 

W
1 

S

I a 1• 0 - — -  - --= (5)Zv v -1 Zv -1

0 ~~_ 1 1 + • ~L~~+~~ i
- - 

w 1 w 1 -2 
— 

-Z

- 11-
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Fig. 3. Frequency components considered in
analysis .  w~ is applied frequency w~~
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quencies , resp ec t ively.
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______

R
from which the impedance of the circuit at w is obtained (with ~ = =
where RD is the slope of I-V characteristic): 

v

z z-I -Z
a -i- Z I + z

= 
-1 -2 -1 (6)

1+ —  ~ L.a + Z _ 1 I + Z 2 w 1

We now specif y the termination at w 1as Z 1 = j
~ I LDC (in units Ri). where

LDC is the DC inductance of the circuit closing the junction current. Assum-
ing for now Z 2 = ~~~, we obtain

j w L
z = i -s a + j w  L w-1 DC c

(7)W I LDC /R J aIR 3Z R - yL + j  -S J DC / a \Z 2 /LDC\ / ~ \Z 2 
____+ 

~~~~ R~ / 
+ W j~ R~ )

This is the junction impedance in the vicinity of w~ ~ w .  For lw .11 = f w 5 - w01
>> RD/LDC the parenthesis vanishes and Z~ R3. At = 0 the reactive
term is -j  y LDC /R D. The “half width” holds for I w~~f = RD/L DC . From
both these relations which can be determined experimentally, LDC /R D and y
can be determined . —

The above quantities can readily be read off a Smith chart.  We assume
Z to be in series with a lead inductance, L . Thus for w >-> R IL and

s -1 D DC
{} 0 in Eq. 7, a point (L 5, R~~) is dete rmined. When sweep ing w0 through w~.
the { } term assumes finite value s and a circle is traced as shown in Fig. 4.
Both circle diameter in terms of wLDC /Z , and (w

(~~ - w~ j~)/Z = R D /LDC in
terms of jun ction bias voltage, are obtained.

- 13-
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Fig. 4. Smith chart plot for idealized junction
response a5 treated in first-order
analysis
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While the re sult presented is in qualitative agreement with experimental
observations, the de rivation contains a serious flaw. In case a real portion is
considered in the impedance Z 1 of Eq. (6), no analytic expansion is obtained
since a te rm w 1 remains in the denominator, and , consequentl y, the t e rm
grows beyond bounds. Of course , in reality the junction generato r at has
an internal impedanc e preventing singular behavior. One mig ht suspect that
as long as the external real load at w 1 remains small compared with R 5

, the
analysis might give a reasonable description . Presently, numerical simula-
tion is hoped to shed some light on this problem .

- 15-
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III . EXPERIMENTA L

In our 10 GHz , broad band , Z ~ 5Q waveguide, we obtain a reflection
response of just the type discussed above (see Fig. 5). Here we observe
reflected vectors for constant input power at w5 . Thus, consider the reflected
vector normalized and the Smith Chart evaluation applie s exactly. The ob-
served inductance change is indeed negative . Howeve r , it is also apparent
that the measured circle in response to bias variation is somewhat distorted.
In what follows we indicate some reasons for this.

A. We first  consider the termination at w 2 . Ignoring the series inductance,
L ,  the junction near w5 is essentially terminated by a short. Deviations to
either higher or lowe r frequencies will result in capacitive or inductive load-
ing of the junction at w 2 . We have simulated the short with loading by a tank
circuit , introducing at w a load of form Z , = j Q A where i~~= w  , - wS - ‘.• (J)~ - S
2w 1. This idler loading is evaluated with E q. , (6) and results in a circle
distortion as shown in Fig. 6. We see distortion towards larger vectors for
w~~~ w 5 with no effect at w0 = w in qualitative agreement with experimental
indication (Fig. 5).

B. The clearly observable distortions near the origin of the circle (curl-in
at Z ~ L , R3) are not described by the model. Since our approximation holds
only for w ,  this is not particularly surprising.

C. Since we are dealing here with a “variable ” inductance at w it should
enable one to determine the capacitance of the junction. If the assumption is
made that, in a circuit as sketched in Fig. 7a, the capacitance does not affect
the general jun ction response with bias as determined by the termination at
w 1’ but enters only into the external circuit, then it can be shown by simple
circuit analysis that the re sponse circle is tilted on the Smith chart as shown
in Fig. 8. Considering only the circle origin* and the point for w = , we

*Circle origin is that point obtained for the ideal model where w -‘ o or
W > >( i~~~.0 5

-1 7 -  

-

~~ICLAIII~ P~~I kLAP4

~

- ~~~~

_ _ _ _ _ _ _ _ _  - - ~~~~~~~~~~ - -
~~~~~~~~ 

I



- -~~~~~~~~~~~~

X~Y’5 mVlj n . - ~-

r 

7 

T
~T~~~\ç~~T

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-80 dBm
- - -~~~~~ - - - - -~~~~~~- - - - _ _ _ -

28 
-

0 -  
-. 

26•( 42
50 25 

- 
_ r ~~____~~ -— - - -- 24 mA dc BI AS

20

~ 21 23

~~~ 22~~ 
- - - - 

-— -

0 - 

E _ _ L 

Fig. 5. Measured junction response in Smith
chart pr esentation
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can now read off four value s (two for the origin , two for = 
~~~~~~~~~ 

These
values determine real and imaginary parts  of the expressions derived from
the circuit  of Fig. 7a:

2
R 3 wCR 3 + X ( I + w C X )
2 + j  wL5 - 2 2 (8)

(i + WCR 3) + ( 1 + wCX)2 
(i + wCR 3) + (1 + (oCX)

The result is four equations , which are sufficient to determine the unknowns
L5, R 3

, C and X of Fig. 7a. From X and the measured half width we deduce
R D /L DC and the effective pump amplitude . Clearly, if one can also plot the
I-V characteristic, a complete characterization of the junction results.

Thus the small signal analysis based on the RSJ model gives a descrip-
tion in fair qualitative agreement with experiment . The diffi culty encountered
with the assumption in C above is touched upon in the appendix .

r~~~
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Fig. 7a. Junction embedding network where jun ction varies as Z~~.

_ 2 1-

- - ~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



____
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V SI f lw t R~ 
I~

Fig. 7b. Junction embedding network where junction is represented
by l and R ..

C 3
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Fig. 8. Modification of idealized response (Fig. 4) by
capacitive loading.
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APPENDIX

Here we show to what extent a periodic supercurrent-phase relation

alway s results in a real contribution to biased junction impedance. Suppose

the junction (with no capacitance) is driven by a DC current in RSI model

fashion; the differential equation for the phase evolution then is

+ f (~~ ) const ( I B )

when written in reduced units and when the usual sin çt,~ term is replaced by —

an arbitrary periodic function , f(~~~). The response to a small ac current

injected in addition to the DC current  results in

(ZB )

or, after expansion to first order and use of E q. (IB ) ,

+ I~~ ~~ 
= ~i (3B)

On the other hand df/d~ t may also be obtained from Eq. (IB)  by differentia-

tion with respect to time :

(4B)

from which

df d (5B)

_ 2 5~



and consequently Eq. (3B) may be written

~

l
1 - (~ ~~~ 

= ~ i (6B)

Standard methods for solving a first  orde r linear differential equation
+ g(t)~~1 

= ~i re sult in

-fg dt 
~~

‘ fg dt -fg dt
.J ex p  t~1 d t + Q e x p

or, with Eq. (6B)

~ j (t) =~~~ f ~~~~d t + Q ~~’

and

v = ~~’j (t) =~~~ f ~~. d t + i ~i (7B)

where we choose initial condition s such that Q 0. Assuming only the funda-
mental Fourier components of and ~~~

“ to be of signifi cance, it is easily
verified that the first term of Eq. (7B) generates in phase components only.
We now briefly consider the more general case where the junction is em-

bedded in the circuit of Fig . 7b. The starting equations are

CV + ~~~~~
- + I S (~~) = ‘T (8B)

L
~~~~

IT + I TR + V + V = 0  (9B)

-26- 
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After  integration of E q. (9B) and insertion into Eq. (8B) we find

CV +~~~~~
_ + I S ( ~~) +  exp - _y

~
- t J V  e~cp _

~~~~
. t d t  ~.a ( lO B )

We approximate the 4th term by setting in it V = V + v cos w0 t and obtain

(~~2_ s i n w t ~~~cos w t\  ( I I B )R (t j  ~ Z ~w L o oo o i R ~( __2 1 + 1
\ w  L/0

With w L << R we may neglect the cos w t contribution. Then the second0 0 o
portion of E q. ( l I B )  becomes

w LJ

Eq. ( l O B )  can then be wri t ten in reduced units

w L  V - V
F ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~ 

. (12B )

where

3 h C/ I  Ze

B = h/ 2 e I
~ L

Note that

w L  w R
0 !_ o 3 13R 3 w R

0 C 0

- - i 
_ 2 7 -
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which for  a properl y loaded junction with ~ 0L~ ~ R c~ is of orde r one; therefore
even for  small .~~ R the term is usually not neg ligible . Fur thermore
v in the r ig ht hand side changes to second order onl y with application of a

small disturbance in V -‘ V + z~ V cos wt . If we set ~ = 0, the linearizedo o s c
small si gna l approximation of E q. ( I Z B )  is of the same form as E q. ( I B )  and
we may again wri te  the solution

v ~‘
1(t)  

~~
“ cos w t  dt + C05 w t  ( 13B )

Clearly the same conclusions apply as before for the current  driven junction.
The junction impedance is essentially real and modification due to idler load-
ing as described in the main test should apply. The L in series with the junc-
tion does not modify the basic result.

Here , the difficulty arises in asserting that the analysis applies also
when C ~ 0 or ~~ 0. When only supercurrent and an ohmic path is pro-
vided by the junction, with the requirement that the sum total remains constant,
the above analysis applies. Clearly , the reasoning cannot hold any longer if
an additional , reactive bypass is provided. Again , since the mathematics
become complicated, it might be more economical to test with numerical
simulation. The results of this simulation will be reported at a later time.

~28-
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personnel in dea ling with the many problems encoun t er ed in the nation ’s rapidl y
developing space and missile systems. Experti se in the latest scient ific devel-
opments is vital to the accomplishment of ta sks re lated to these problems. The
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imaging; atmosp heric pollution; millimeter wave and far -infrared technology .

Materials Sciences Laborator y : Development of new materials; metal
matrix composite, and new form, of carbon; test and evaluation of gr aphiteand ceramic , in reentr y; spacecraft materials and electron i c compon ents innuc lear weap ons environment; application of fracture mechanic, to .t ?es. cor-
rosion an d fatigue -induced fractures in structural metals.

Space Sciences Laborato ry : Atmospheric and ionospheric physics , radia-
tion from the atmosphere , density and composition of the atmosphere , aurorae
and airg iow; magnetospher ic physics , cosmic r ays , generation and propagation
of plasma waves in the magnetosp here; solar ph y.ics , studie. of solar magnetic
fields ; space astronom y, x- ray ast r )flOrn y; the effects of nuclear explosion. ,
magnetic storms, and solar act ivity on the earth’ s atmosphere , Ionosphere , andmagnetosphere; the effects of optical , electrom agneti c , and p&rticu late radia-
tions in space on space systems.
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